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The study of the dehydrogenation process of TiH2 in
aluminum foams produced by the powder metallurgy
technique is essential to understanding its foaming
behavior. Tin was added to the Al foam to modify the
dehydrogenation process and stabilize the foam. A
gradual decomposition and more retention of hydrogen
gas can be achieved with Sn addition resulting in a
gradual and larger expansion of the foam.
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The production of metal foams by the powder
metallurgy technique requires the proper mixture of a
metal or alloy and blowing agent powders. Then, this
mixture is compressed to high densities, and ﬁnally the
densiﬁed product (called precursor) goes through a heat
treatment (above the alloys melting temperature) where
the blowing agent releases gas that the molten metal
matrix traps. As the heat treatment is interrupted, the
metal solidiﬁes and the foam is obtained.[1] In order to
produce good metallic foams, with the powder metal-
lurgy technique, the decomposition of the blowing agent
has to be synchronized with the melting of the metal or
alloy.[2] For the foaming process of Al, TiH2 is the most
commonly used blowing agent as it has the closest
decomposition temperature range at about 723 K to
923 K (450 C to 650 C) to the melting of Al at 933 K
(660 C).[3]
According to the Ti-H phase diagram in Figure 1,
solid TiH2 (d) can contain 2.06 to 4.05 wt pct H. With
increasing temperature, TiH2 can be unstable and evolve
to TiHx (b) and Ti (a) with releasing H2 gas.
[4] Although
TiH2 can theoretically be dehydrogenated to pure Ti at
high temperature and low pressure, it has been reported
that TiH2 is degenerated to nonstoichiometric TiHx (b)
phase over a wide temperature range between 688 K and
898 K (415 C to 625 C) at ambient pressure[5] with
weight loss of about 2.0 to 2.5 wt pct. However, this
decomposition temperature is still lower than the Al
melting temperature, and this mismatch of temperature
still should be overcome. The ways to reduce the
mismatch are (1) to increase the decomposition temper-
ature of TiH2 and (2) to decrease the melting temper-
ature of Al.
To increase the TiH2 decomposition temperature,
heat treatments (oxidation) of TiH2 were investigated
under various atmospheres (air, argon, and nitrogen) to
create an oxide layer on the surface of the hydride that
acts as a diﬀusion barrier.[2,5–8] The application of a Ni
coating on the hydride was studied to delay the
dehydrogenation onset during the foaming process.[9]
Furthermore, isothermal X-ray diﬀraction and thermal
analysis on diﬀerent particle sizes were performed to
better understand the dehydrogenation of TiH2.
[3,10]
To decrease the melting temperature of the Al matrix,
Al was alloyed with melting point depressant elements.
The wrought Al alloys commonly used for this purpose
are the 2xxx and 6xxx series, which contain mainly Mg
and Cu or Mg and Si, respectively. Casting alloys
employed for metal foams are often combinations of
Al-Si-Mg-Cu-Zn, which give a large solidiﬁcation range.
For example, Al-7 wt pct Si-Mg (A356) or Al-9 wt pct
Si-3 wt pct Cu allows foaming at lower temperature in
the semisolid state.[11,12]
Regardless of the eﬀorts for matching the decompo-
sition temperature of TiH2 and melting temperature of
Al matrix, the foaming behavior of Al alloys should be
further improved: although high maximum expansion
can be reached, the metal foam stability is quite low (in
most cases, foam collapses within less than 30 seconds),
due to pore coalescence and metal drainage.[11–13]
In order to enhance foam stability and obtain higher
expansions, a new alloying element (Sn) was investigated
in the present study. Kennedy reported that good
densiﬁcation of the powder mixture is required to retain
a high amount of hydrogen, as high compaction density
can seal interconnected porosity.[14] Sn proved to be
beneﬁcial in the extrusion of Pb-Sn powder mixtures at a
temperature near the melting point of Sn at 505 K
(232 C) during the production of Pb-Sn foams.[15] Also,
Sn additions can modify the surface tension of Al, the
surface tension of the cell walls, therefore, generating
more stable pores. This would be similar to the eﬀect of
surfactants in liquid foams.[16] Surprisingly, it was found
that the addition of Sn can easily control the dehydro-
genation process of TiH2 in the Al foam, to achieve
maximum foam expansion and enhance the foam
stability.
To study the eﬀect of Sn on the dehydrogenation of
TiH2, Al powders containing 1 wt pct TiH2 were hot
compacted with and without additional Sn (3 wt pct)
powder into a cylindrical shape (0.71 cm in height and
2 cm in diameter) under an uniaxial load of 550 MPa at
573 K (300 C), above the Sn melting temperature. The
particle sizes of Al, TiH2, and Sn powders were all less
than 44 lm, and the purities of the powders were more
than 99 pct. The average size of TiH2 powders was
about 15 to 18 lm. The precursors were placed on an
alumina plate in a Lindberg/Blue M furnace preheated
at 998 K (725 C). The foaming of the precursor was
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interrupted after a certain time by quenching the
samples in air. Microstructural characterizations with
scanning electron microscopy (SEM) and electron probe
microanalysis (EPMA) were carried out on the sectioned
foams.
To understand the diﬀerence in the decomposition
behavior of TiH2 in Al and Al-3 wt pct Sn foam, the
morphology of the remaining TiHx was examined.
Typical SEM morphologies of TiH2 in Al and Al-
3 wt pct Sn foams with foaming time are presented in
Figure 2. EPMA was used to conﬁrm the Ti-Al phase on
the surface of the TiHx particle, identiﬁed as TiAl3
intermetallic. In the case of pure Al foam, thin TiAl3
layer formed on the surface of TiHx until 12 minutes
without any rupture. Then, abrupt rupture of the TiAl3
layer was observed after 12 minutes, and the amount of
TiAl3 was suddenly increased. In the case of Al-3 wt pct
Sn foam, continuous TiAl3 layer was observed until
9 minutes. After 1 minute, small fragments of ruptured
TiAl3 layer were observed around the TiHx. The amount
of TiAl3 particles increased gradually with foaming
time. It should be noted also that the size of TiAl3
fragments in pure Al foam was larger than that in Al-
3 wt pct Sn foam.
As it is very diﬃcult to ascertain the exact decompo-
sition amount of TiH2, this was determined from SEM
images of the remaining Ti hydride particles in the
foams. That is, the extent of the decomposition was
calculated as
Degree of decomposition pctð Þ
¼ area of surrounding TiAl3
area of surroundingTiAl3 þ area of TiHx  100
The amount of unreacted TiHx (pct) (100 – degree of
decomposition) with foaming time is plotted in Figure 3.
Each point in the ﬁgure is an average value of more than
10 Ti hydride particles of the mean size (15 to 18 lm).
The estimated thermal history of the metallic foam was
also plotted in Figure 3; because the decomposition
behavior of TiH2 is highly dependent on temperature, it
is important to know the thermal histories of the Al and
Al-Sn foams. The decomposition of pure Al foams
increased slowly up to 12 minutes and showed an abrupt
increase at 12 minutes. On the other hand, the decom-
position of Al-3 wt pct Sn foams increased slowly until
about 8 minutes, and then a large but gradual decom-
position occurred between 9 and 12 minutes. After
15 minutes, the remaining Ti hydride (TiHx (b) phase)
was less than 20 pct of an original TiH2. Thus, the
presence of Sn certainly led to a gradual and earlier
decomposition of TiH2.
The expansion behavior of Al and Al-3 wt pct Sn
foams at 998 K (725 C) is presented in Figure 4 along
with the decomposition behavior of TiH2. The foam
expansions were determined using the Archimedes
principle. As can be seen, in Figure 4, the foam
expansion of Al-3 wt pct Sn foam is directly related to
Fig. 1—Ti-H phase diagram.[4]
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the decomposition behavior of TiH2. That is, the
gradual and large expansion of the foam occurred
between 9 and 11 minutes when a large decomposition
of TiH2 took place. Pure Al foam showed a maximum
expansion at 11 minutes, which is coincident with the
melting temperature of Al. The maximum expansion of
the Al foam (250 pct) is lower than that of Al-3 wt pct
Sn foam (400 pct). In addition, while the Al foam
collapsed after maximum expansion at 11 minutes,
Al-3 wt pct Sn foam was stable for a long time.
Based on the present experimental results and the
thermodynamic behavior of the Al-Sn system, the eﬀect
of Sn on the decomposition behavior of TiH2 can be
explained. The schematic diagram of the microstructural
evolution of TiH2 in Al and Al-Sn foams during the
foaming process is depicted in Figure 5. In the case of
pure Al foam, TiH2 can react with solid Al to produce a
thin solid layer of TiAl3 around TiH2 (reaction 1).
Although the self-decomposition reaction of TiH2 to
Fig. 2—Evolution of typical morphologies of TiH2 (SEM-backscattered image) in pure Al and Al-3 wt pct Sn foams with foaming time.
Fig. 3—Relationship between TiH2 decomposition (100 pct-unre-
acted TiH2 pct) for pure Al and Al-Sn foams along with the esti-
mated thermal history.
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TiHx (reaction 2) can occur between 723 K (450 C)
and 923 K (650 C) under ambient pressure, the decom-
position is not observed for Al foam in this temperature
range. This seems to be induced by the high pressure
exerted on the TiH2 (covered by TiAl3) by the sur-
rounding solid Al matrix (pressed to 550 MPa), which
can eﬀectively increase the decomposition temperature
of TiH2. Therefore, it is expected that H2 (g) pressure
can build up inside the TiAl3 layer at the temperature
range of 723 K and 923 K (450 C and 650 C), as
depicted in Figure 5. Immediately after melting of the Al
matrix, when the hydrogen pressure generated by the
self-decomposition reaction (reaction 2) can overcome
the suppressed pressure of the Al matrix, H2 (g) can be
released with the abrupt rupture of TiAl3 layer. Accord-
ing to the present experimental results in Figures 2
through 4, the rupture of TiAl3 layer was not observed
until the melting of Al at 12 minutes. At 12 minutes, the
abrupt rupture of TiAl3 and drastic decomposition of Ti
hydride were observed. Unfortunately, H2 (g) released
during this abrupt decomposition of Ti hydride cannot
be eﬀectively retained in liquid Al matrix. The Al foam
collapsed due to the drainage of liquid Al and bubble
bursting with increasing temperature.
TiH2 sð Þ þ 3Al sð Þ ¼ TiAl3 sð Þ þH2 gð Þ ½1
TiH2 sð Þ ¼ TiHx þ 2 xð Þ=2H2 gð Þ ½2
In the case of Al-3 wt pct Sn foam, Sn-rich liquid can
already form above 505 K (232 C). As TiH2 is in
contact with Sn-rich liquid saturated with solid Al, the
formation of the solid TiAl3 layer can be promoted due
to a faster diﬀusion of Al via liquid Sn (reaction 3) up to
about 823 K (550 C). Similarly to the pure Al foam
scenario, a certain pressure of H2 (g) can build up inside
the TiAl3 layer by reaction 2. Once the temperature
reaches about 823 K (550 C), the amount of liquid Sn-
Al can increase steeply and subsequently relieve the
surrounding pressure on TiH2 (TiAl3) because the liquid
medium can be deformable. Therefore, the solid TiAl3
layer can be ruptured, releasing H2 (g). Of course, after
Fig. 4—Relationship between TiH2 decomposition (100 pct-unre-
acted TiH2 pct) and foam expansion during the foaming process for
pure Al and Al-Sn foams.
Fig. 5—Schematic diagram of the decomposition process of TiH2 in pure Al and Al-Sn foams.
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the rupture of the TiAl3 layer, its recovery (formation of
TiAl3) can easily occur by the presence of liquid Al (in
Sn). This rupture/recovery process can be continued
with a gradual release of H2 (g). In the present study,
this process can be observed between 9 and 12 minutes.
Moreover, this explanation can explain the smaller size
of the TiAl3 fragment in Al-Sn foam than in pure Al
foam.
TiH2 sð Þ þAl in liquid Snð Þ ¼ TiAl3 sð Þ þH2 gð Þ ½3
Because H2 (g) can be gradually released from low
temperature to 933 K (660 C) and liquid Al-Sn can be
formed even below 933 K (660 C) (i.e., about 5 and
15 wt pct of the Al-Sn foam is liquid at 873 K and
903 K (600 C and 630 C), respectively), a relatively
high amount of H2 (g) can be retained in the Al-Sn
foam, which in turn increases its expansion. The Al-Sn
foam showed about 360 pct expansion at 12 minutes
and further expanded to 410 pct at 16 minutes. Fur-
thermore, the addition of Sn can signiﬁcantly increase
the foam stability (durability) of Al foam. This can be
explained as a result of surface energy modiﬁcation of
the cell wall by Sn, which is discussed in detail
elsewhere.[17]
In summary, the gradual and larger expansion of Al
foam can be achieved with Sn addition. This results
from the formation of Sn-rich liquid below the melting
temperature of Al, which can promote a gradual and
earlier decomposition of TiH2 and help to retain more
H2 (g) in the Al foam.
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